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MinkThis study investigates the inﬂuence of biological and environmental factors on the concentrations of
perﬂuoroalkyl acids (PFAAs) in a top predator; the American mink. Perﬂuorobutane sulfonate (PFBS),
perﬂuorohexane sulfonate (PFHxS), perﬂuorooctane sulfonate (PFOS) and perﬂuoroalkyl carboxylates (PFCAs)
with C8–C13 perﬂuorinated carbon chains were analyzed in livers from wild male mink liver (n = 101) from
four areas in Sweden representing two inland environments (rural and highly anthropogenic, respectively)
and two different coastal environments. Mean PFOS concentrations were 1250 ng/g wet weight and some
mink from the urban inland area had among the highest PFOS concentrations ever recorded in mink (up to 21
800 ng/g wet weight). PFBS was detected in 89% of the samples, but in low concentrations (mean 0.6 ng/g
ww). There were signiﬁcant differences in PFAA concentrations between the geographical areas (p b 0.001–
0.01). Age, body condition and body weight did not inﬂuence the concentrations signiﬁcantly, but there was a
seasonal inﬂuence on the concentrations of perﬂuorodecanoic acid (PFDA) and perﬂuoroundecanoic acid
(PFUnDA) (p b 0.01 and p b 0.05, respectively), with lower concentrations in autumn samples than in samples
taken in the winter and spring. It is thus recommended to take possible seasonal differences into account when
usingmink exposure data. The overall results suggest that themink is a suitable sentinel species for assessing and
monitoring environmental levels of PFAAs.
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Perﬂuoroalkyl acids (PFAAs) have gained considerable attention as
environmental pollutants due to their persistence, their bio-
accumulative potential (Kelly et al., 2009; Martin et al., 2004b) and
their toxic properties. They have been associated with liver toxicity
and developmental toxicity in laboratory animals (Lau et al., 2007),
and immunotoxicity in both laboratory and wild animals (DeWitt
et al., 2012; Kannan et al., 2006). PFAAs are released into the environ-
ment, both directly from manufacturing and indirectly through
products such as surfactants and surface protectors (Paul et al., 2008;
Prevedouros et al., 2006). Due to their unique properties of being both
water and oil repellent, perﬂuoroalkyl and polyﬂuoralkyl substances
are extensively used in a wide range of industrial and consumer appli-
cations, such as nonstick coatings on cookware, some waterproof
clothes, and in ﬁre-ﬁghting foams. Two ﬂuorinated compound classes,46 18 67 35 45.
).
. Open access under CC BY-NC-ND license.the perﬂuorinated carboxylic acids (PFCAs) and sulfonic acids (PFSAs)
have been studied substantially in recent years. Members of both
classes are globally distributed and have been detected in wildlife as
well as in humans (Gamberg et al., 2005; Giesy and Kannan, 2001;
Houde et al., 2011; Kannan et al., 2001; Kärrman et al., 2007). In addi-
tion to direct emission, several precursor compounds have been identi-
ﬁed as an indirect source of PFCAs and PFSAs in environmentalmatrices
(Young and Mabury, 2010). So far, perﬂuorooctane sulfonate (PFOS)
and perﬂuorooctanoic acid (PFOA) have been subjected to most atten-
tion as they are among the most toxic PFAAs (Kudo and Kawashima,
2003; Lau et al., 2004) and have been found at relatively high levels
(Houde et al., 2006b). In 2009, PFOS was added to the Stockholm con-
vention list of persistent organic pollutants (Stockholm Convention on
Persistent Organic Pollutants, 2009) and the largest producer of PFOS-
based products, the 3M company, phased out their production
by 2002 (3M, 2000). The replacement compound for PFOS is
perﬂuorobutane sulfonate (PFBS) (3M, 2002), which seems to be less
potent in rat toxicity tests (Lieder et al., 2009) and has a shorter half-
life in human and rat serum (Olsen et al., 2009) than PFOS. However,
compared to PFOS and PFOA, the bioaccumulation and toxicity of PFBS
have been less investigated, although the literature is increasing.
Thewild Americanmink has been acknowledged as a useful sentinel
species for chemical pollution and related health effects (Basu et al.,
426 S. Persson et al. / Environment International 59 (2013) 425–4302007; Persson et al., 2012). The arguments are mainly that it is a semi-
aquatic top predatorwith awidespread distribution and it can, especial-
ly where it is an invasive species, be captured in large numbers. Also, it
has a well-known biology and physiology and can be maintained and
studied in captivity. In order to use themink as a sentinel, it is important
that it has the ability to accumulate pollutants. In the literature, data on
mink exposure to pollutants such as chlorinated chemicals is quite
extensive, especially from North America as reviewed by Basu et al.
(2007). However, only a handful of studies have been made
regarding exposure of PFAAs to wild mink (Giesy and Kannan, 2001;
Kannan et al., 2002b, 2005; Martin et al., 2004a), and among those,
only Martin and co-workers (Martin et al., 2004a) analyzed long-chain
PFCAs. There is no study on mink addressing the exposure of PFBS. In
order to evaluate the mink as a suitable sentinel speciﬁcally for PFAAs
in the environment, more information is needed regarding the pattern
of PFAA contamination in mink.
Environmental and biological factors are important to consider when
assessing contamination related effects, temporal and spatial trends and
trophic transfer. Taking such factors into account is important in expo-
sure assessment and in study designs. For example, we have shown
earlier that, in wildmale mink from Sweden, almost half of the variation
in the concentrations of polychlorinated biphenyls in fat could be
explained by age, sampling area, sampling season and body condition
(Persson et al., 2013). Taking such factors into account is therefore
needed in any assessment of the exposure, and it could also have im-
plications on sampling regime. Therefore, this study aims to quantify
the concentrations of PFBS, perﬂuorohexane sulfonate (PFHxS), PFOS,
PFOA, perﬂuorononanoic acid (PFNA), perﬂuorodecanoic acid (PFDA),
perﬂuoroundecanoic acid (PFUnDA), perﬂuorododecanoic acid (PFDoDA)
and perﬂuorotridecanoic acid (PFTrA) in wild male mink from
Sweden, and investigate relationships between the concentrations
and age, body condition, body weight, sampling area and sampling
season.
2. Materials and methods
2.1. Sampling
Mink were collected by local hunters in Sweden each year between
2004 and 2009, from August to the end of April. One hundred and one
male mink were sampled in four different areas: two inland areas and
two coastal areas. A map of sample area locations can be found in Sup-
plementary data. The Gävle Baltic coast (G; n = 25) is a brackish water
environment nearby two towns (70,000 and 12,000 inhabitants), fairly
large industries and the mouths of the Dalälven and Ljusnan rivers. The
Koster Islands in Skagerrak (K; n = 26) is a sea water environment
(partly a national park) about 8 km off the Swedish coast in the North
sea, close to the Norwegian border. The Märsta inland region (M;
n = 25) with high anthropogenic impact by industrial and agricultural
activities located next to a town with 25,000 inhabitants, a large inter-
national airport and the former training camp of the Swedish Rescue
Services Agency. The inland of Northern Sweden (N; n = 25) is a
sparsely populated inland environment with few industries and low
agricultural activity. Hunters were instructed to freeze the carcasses at
approximately −20 °C as soon as possible after death. The carcasses
were thawed just before necropsy. The subcutaneous fat pad between
the hind legs was dissected and weighed. Body condition was deﬁned
as the weight of the subcutaneous fat (g) divided by total body weight
(kg). Liver tissue was removed for chemical analysis and refrozen.
Aging was performed by teeth cementum analysis by Matson's labora-
tory (Milltown, Montana, USA). As the mink kits are born in the begin-
ning of May (Hansson, 1947), a birth date of 1st of May was
assumed. The mink were assigned to three different age categories:
juvenile (3–12 months old, n = 51), one year old (13–24 months,
n = 32) and two or more years old (older than 24 months, n = 18).
Hours of daylight at the speciﬁc capture date and site for each minkwas used to construct three seasonal groups; autumn (from 17 to9 h
of daylight before winter solstice, n = 42), winter (b9 h daylight,
n = 29) and spring (from 9 to17 h of daylight after winter solstice,
n = 30). More detailed information about age, weight of subcutaneous
fat, body weight and body length of the mink from the four different
areas that were included in this study has been published earlier
(Persson et al., 2013).2.2. Sample preparation and analytical determination
Liver sampleswere homogenized and a sub-sample of 1 gwas trans-
ferred to a 50 mL centrifuge tube. The mass-labeled internal standards
(see Supplementary data) were added followed by 10 mL acetonitrile.
The mixture was vortex mixed and ultrasonicated for 30 min and the
supernatant acetonitrile phase was removed after centrifugation
(10,000 ×g, 30 min). The extraction procedure was repeated once.
The acetonitrile fractions were combined and diluted with water.
After mixing and centrifugation the solution was put through a WAX
solid phase cartridge (Waters, Milford, MA, USA) previously condi-
tioned with 4 mL methanol followed by 4 mL water. After loading the
sample, the WAX cartridge was washed with 4 mL 25 mM sodium
acetate (pH 4) and 4 mL 40v% methanol in water, followed by drying
the SPE cartridge under vacuum. A ﬁnal wash with 8 mL methanol
was employed before the PFAAs were eluted with 2 mL 2% ammonium
hydroxide in methanol into a tube with 50 mg ENVI-Carb and 100 μL
acetic acid. After mixing and ﬁltration recovery standards, 2 mM
ammonium acetate in water was added to the extract. The analysis
was performed using an Acquity UPLC coupled to a Quattro Premier
XE (Waters Corporation, Milford). Details on the analysis and quantiﬁ-
cation are presented in the Supplementary data.2.3. Quality assurance
The analytical method used has previously been evaluated for PFCAs
and PFSAs in an interlaboratory study on ﬁsh muscle with satisfactory
Z-scores (z b 2) (van Leeuwen et al., 2009). Low average recovery
rates were found for some of the labeled internal standards, most
frequently 13C2-PFDoDA (Table S1), and are potentially explained by
ionization effects caused by interfering components present in the
liver matrix. For validation purposes, ﬁve liver extracts with low recov-
eries were diluted up to 1000 times and analyzed on a Xevo TQ-S mass
spectrometer (Waters Corporation, Milford, USA), which is a more
sensitive instrument compared to the Quattro Premier XE. The recover-
ies of 13C4-PFOS increased from 10–44% to 36–80% in the ×100 and
×1000 diluted samples (Fig. S1, Supplementary data). To compare
PFOS concentrations in undiluted (u) and diluted (d) extracts, the
mean normalized difference (%) was calculated using the formula:
((u − d) / ((u + d) / 2) × 100). The calculated concentrations of all
the diluted extracts, except for one sample, were well in range with
the initial concentrations (average mean normalized difference of
18%). Consequently, reliable results can be produced even when recov-
ery rate is low since the internal standard and the native compound are
equally suppressed. Recoveries, method reproducibility and method
detection limits (MDL) for all samples are presented in Table S1, Supple-
mentary data. One milliliter of ultra pure water was used as procedural
blanks and extracted in the sameway as the real samples. TheMDLwas
deﬁned as the mean concentration in the procedural blanks plus three
standard deviations, and the limit of detection (LOD) for individual
samples was calculated as three times the noise level. Overall good
recoveries (N50%) of 13C-PFOS and 13C-PFOA were measured for the
samples after the replacement of the recovery standard 7H-PFHPA to
13C8-PFOS and 13C8-PFOA in the middle of the project. One two year
old mink caught in autumn in the G area was excluded due to non-
reproducible results of the diluted extracts.
Table 1
Concentrations of PFAAs inwildmink livers from four different areas in Sweden (ng/gwet
weight).
Sample areaa Nb Meanc ± SDc LS meansd Medianc Range
PFBS 89 0.6 ± 0.9 0.2 b0.03–4.7
G 21 0.2 ± 0.3 b0.03–1.7
K 26 1.2 ± 1.0 0.04–4.7
M 20 0.4 ± 0.9 b0.03–4.6
N 22 0.4 ± 0.7 b0.03–2.8
PFHxS 99 11.0 ± 22.8 3.9 b0.1–139
G 24 4.6 ± 4.3 3.4 a 0.9–16.7
K 26 6.0 ± 3.9 5.1 a 1.5–20.7
M 25 32.1 ± 38.4 13.8 b 0.3–139
N 24 1.1 ± 1.2 0.7 c b0.1–4.0
PFOS 99 1250 ± 3170 520 b0.8–21,800
G 24 646 ± 390 576 a 68.6–1460
K 26 867 ± 865 664 a 245–4490
M 25 3310 ± 5850 1065 a 87.0–21,800
N 24 170 ± 197 87.6 b b0.8–854
PFOA 59 2.0 ± 2.1 1.2 b0.2–9.9
G 11 2.8 ± 2.0 b0.3–7.2
K 19 3.9 ± 2.2 1.0–9.9
M 18 0.7 ± 0.9 b0.2–3.3
N 11 0.7 ± 0.9 b0.2–2.8
PFNA 87 49.2 ± 49.1 34.0 b0.5–269
G 21 104 ± 69.4 85.3 a 9.1–269
K 25 44.2 ± 18.4 40.4 b 17.0–99.0
M 20 15.4 ± 11.9 12.5 c 3.4–54.0
N 21 33.8 ± 24.1 21.5 bc b0.5–84.0
PFDA 97 31.6 ± 21.8 28.1 b0.3–130
G 23 37.8 ± 19.3 36.7 a 8.1–77.6
K 26 32.2 ± 12.2 29.5 ab 13.0–55.9
M 24 30.9 ± 30.9 20.6 ab 3.0–130
N 24 26.0 ± 20.9 16.4 b b0.3–78.0
PFUnDA 85 28.1 ± 17.5 26.0 1.8–79.7
G 19 36.7 ± 17.2 35.1 a 11.4–70.7
K 22 30.9 ± 9.3 27.6 a 12.0–48.3
M 19 15.2 ± 12.6 11.3 b 2.0–46.7
N 25 29.0 ± 21.5 20.5 a 1.8–79.7
PFDoDA 55 5.6 ± 3.6 5.1 b0.3–16.4
G 16 6.0 ± 2.9 1.9–11.9
K 13 5.4 ± 1.5 2.3–7.3
M 12 5.9 ± 4.5 1.9–16.2
N 14 5.1 ± 4.7 b0.3–16.4
PFTrDA 57 2.8 ± 2.4 2.1 0.1–11.7
G 16 3.2 ± 1.6 1.2–7.2
K 13 2.2 ± 0.8 1.3–4.1
M 13 1.6 ± 1.6 0.1–4.6
N 15 3.8 ± 3.8 0.4–11.7
a Results in bold are results from all areas. The Baltic coast (G), the Koster Islands in
Skagerrak (K), the anthropogenic inland region (M) and the rural inland of Northern
Sweden (N). See Section 2.1 for detailed description.
b Number of samples that met the analytical performance criteria and had concentra-
tions above LOD (of total 100 samples, G n = 24, K n = 26, M n = 25, N n = 25).
c Arithmeticmean, standarddeviation andmedian. For sampleswith concentration b LOD
half the LOD value was used for calculations.
d Anti-logarithmof least squaremeans (within-groupmeans adjusted for the other effects
in the model, i.e. season). For each compound, rows sharing the same letters are not signiﬁ-
cantly different (p N 0.05).
427S. Persson et al. / Environment International 59 (2013) 425–4302.4. Statistical analysis
Using the general linear model (GLM) procedure of SAS (SAS Insti-
tute Inc., Cary, NC, USA, version 9.02.01), a multiple regression model
with the concentrations of PFHxS, PFOS, PFNA, PFDA or PFUnDA as
dependent variable and the sample area, sample season, age, body con-
dition, year (of capture) and body weight as independent variables
were elaborated on. PFBS, PFOA, PFDoDA and PFTrDA were excluded
from this model since the concentrations were consistently low
(b17 ng/g). The model was ﬁtted manually, starting with all variables
in themodel. Variables that were unsigniﬁcant (p N 0.05) for all depen-
dent variables were removed. Relevant interactions between the effects
were tested but none were included in the model due to insigniﬁcance
or small sample size. The variable agewas tested in severalways (differ-
ent assignments into categories and numerical approaches), but had no
signiﬁcant effect. Area and season were the only variables that had a
signiﬁcant effect and were therefore the only variables kept in the
ﬁnal model:
Y ¼ μ þ AREAþ SEASONþ ERROR:
Where: Y is an observed value for concentration of chemicals; μ is
the population mean for the concentration; AREA is a ﬁxed effect due
to area of sampling; SEASON is a ﬁxed effect due to season of sampling;
ERROR is a random residual error term. All dependent data were log-
transformed to improve normality of the residuals. Comparisons of
least square means (within-group means adjusted for the other effects
in the model, i.e. season) were calculated by t-tests. p-Values less than
0.05 were considered signiﬁcant. Adjustment for correcting for Type I
errors (rejection of a null hypothesis that is actually true) was not
applied, as any indication of effects of the variables was considered in-
teresting and there was no reason to be overly cautious. Half the LOD
value was used in calculations for samples with concentrations b LOD.
The number of such samples was none for PFUnDA, and for the other
PFAAs only one sample per chemical. Samples for which the analysis
did not meet analytical performance criteria were treated as missing
values. A principle component analysis (PCA) was performed using
the SIMCA P + software (Umetrics, Umeå, Sweden, version 12.0.1).
In total one hundred observations (mink samples) and twenty
x-variables; the variable area, season and age and body condition and
the log-transformed concentrations of contaminants were included in
the model. All data were centered and scaled prior to modeling. The
value of explained variation (R2) was calculated and the estimate of
the predictive ability of the model (Q2) was performed by cross
validation.
3. Results and discussion
3.1. Concentrations of PFAAs
In this study, the concentrations of PFCAs in mink from subarctic
areas (Table 1) were generally higher than those reported in mink
from theCanadianarctic,where PFNAwas themajor contaminant found
(mean 16 ng/g), followed by PFOS (8.7 ng/g), PFUnDA (4.3 ng/g), PFDA
(3.7 ng/g), PFDoDA and PFTrA (both b0.5 ng/g) (Martin et al., 2004a).
The concentrations of PFOS in our study were similar to concentrations
previously reported for mink livers from various locations in the
USA; on average 2630 ng/g liver (Giesy and Kannan, 2001) and
74–2370 ng/g (Kannan et al., 2002b). However, in our study, some
mink had extremely high concentrations of PFOS: four mink from the
highly anthropogenic inland area (M) with concentrations ranging
from 9640 to 21,800 ng/g ww and ﬁve mink with concentrations be-
tween 2070 and 3740 ng/g ww. Also, in the Skagerrak coast area (K),
two mink contained PFOS concentrations of 2580 ng/g and 4490 ng/g.
These high concentrations in Swedish mink are among the highest
ever reported for this species in the literature. Higher levels of PFOSwere only found in mink from Michigan, USA (Kannan et al., 2005)
with concentrations of 1280–59,500 ng/g. Other mammals in which
high liver PFOS concentrations have been found are wood mice in
Belgium with a range of 470–178,550 ng/g (Hoff et al., 2004), otters in
Sweden with a range of 19–16,000 ng/g (Roos, 2013), polar bears in
East Greenland with a range of 83–3868 ng/g (Dietz et al., 2008), and
harbor seals in the German Bight with concentrations up to 3676 ng/g
(Ahrens et al., 2009).
PFBS has not been analyzed inmink prior to this study, where it was
found in 89% of the samples, although in low concentrations (Table 1).
Reports of PFBS in wild mammalian tissues are relatively uncommon
in the international literature and has only recently been found in
harbor seals from the Dutch Wadden Sea (1.74–3.28 ng/g spleen)
(Van de Vijver et al., 2005), in harbor seals from the German Bight (up
Fig. 1. Scores plot (from the principal component analysis) with individual mink (n =
100) from the Baltic coast (G), the Koster Islands in Skagerrak (K), the anthropogenic
inland region (M) and the rural inland of Northern Sweden (N). The circle shows
Hotellings T2 95% conﬁdence ellipse.
Fig. 2. Loadings plot (corresponding to the scores plot, Fig. 1) Areas are: the Baltic coast
(G), the Koster Islands in Skagerrak (K), the anthropogenic inland region (M) and the
rural inland of Northern Sweden (N). Seasons are: autumn (aut), winter (win) and spring
(spr). Age is: juveniles (0), one year old (1) and twoormore years old (2). Body cond is the
weight of the subcutaneous fat (g) divided by total bodyweight (kg) and BW is total body
weight. For detailed description of variables, see Section 2.
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Sea (up to 3.5 ng/g liver) (Kratzer et al., 2011). The concentrations
were approximately the same as in the mink in our study (Table 1), al-
though PFBS was only found in 27–55% of the samples (compared to
89% in our study). In addition, PFBS has been found in sea turtles from
the east coast of USA (b0.02–0.846 and b0.01–0.195 ng/g serum)
(Keller et al., 2012; O'Connell et al., 2010). In contrast, PFBS was below
detection limit in all samples of Arctic and North Atlantic pilot whale,
ringed seal, minke whale, harbor porpoise, hooded seal, white-sided
dolphin and ﬁn whales (Rotander et al., 2012). Also, PFBS was not de-
tected in ringed seal populations in the Canadian Arctic (Butt et al.,
2007, 2008), nor in common guillemot from the Baltic Sea (Berger,
2008) or harbor porpoise in the North and Baltic Sea (Huber et al.,
2012). PFBS is persistent (Quinete et al., 2010), but not expected to be
as bioaccumulative as PFAAs with longer carbon chains (Conder et al.,
2008). However, as a replacement for PFOS, the use of this compound
will probably increase in the future. Mink, with its wide geographical
distribution and the proximity of its habitat to human activities,
could be a suitable sentinel species for monitoring PFBS exposure to
mammals.
3.2. Differences in PFAA patterns in relation to geographical area
The sampling areas in this study were selected because of their
assumed differences in contamination and this was conﬁrmed by the
multiple regression model, which showed that area of sampling was
signiﬁcantly inﬂuencing the concentrations of PFHxS, PFOS, PFNA,
PFDA and PFUnDA (p = b0.001–0.01). The multiple regression models
explained 18–53% of the variation in the tissue concentrations. Pairwise
comparisons of least squares between the areas are given in Table 1. To
visualize the variation in contaminant concentrations in the four areas, a
PCA model (R2 = 0.52, Q2 = 0.119) containing 3 signiﬁcant principal
components according to cross validation was calculated. Scores and
loadings plots of component 1 versus component 2 are given in Figs. 1
and 2, explaining 23% and 15% of the variance, respectively. The scores
plot is a summary of the relationships among the observations (mink).
The loadings plot can be used to interpret the patterns seen in the scores
plot, as the plots are superimposable. Plots of component 2 versus 3, the
descriptive data for the components and the R2 and Q2 calculated for
each variable are found in the Supplementary data.
In the PCA scores plot (Fig. 1), the mink from the Baltic coast area
(G) and Skagerrak area (K) are grouped tightly together, indicating a
large similarity in concentration pattern in these coastal mink. The
mink from the rural inland area (N) and themore anthropogenic inland
area (M) are not grouped as tightly together as the two coastal areas
(G and K), indicating a relatively large variation in contaminant concen-
tration patterns in mink from the M and N areas. In contrast to mink
from the inland areas, higher concentrations of PFAAs, e.g. PFBS, PFOA,
PFDA PNFA, PFUnDA, PFDoDA and PFTrDA were seen for the coastal
(G and K) mink. The pairwise comparisons of least squares (Table 1)
revealed that the Baltic coast area (G) had signiﬁcantly higher concen-
trations of PFNA than all the other areas (p = b0.001–0.01). In compar-
ison to gray seals from the Baltic Sea, themink from the Baltic coast area
(G) had similar PFNA and PFOS concentrations but somewhat higher
concentrations of PFHxS, PFDA and PFUnDA (Kratzer et al., 2011).
Most mink from the anthropogenic inland area (M) are located in
the lower part of the scores plot (Fig. 1). Some mink from this area are
plotted in the lower right corner of the scores plot, which indicates
that they tend to have higher concentrations of PFHxS and PFOS than
mink from the other areas, as these compounds are located in lower
right corner of the corresponding loadings plot (Fig. 2). The pairwise
comparisons of least squares in the multiple regression model con-
ﬁrmed that mink from the M area had signiﬁcantly higher concentra-
tions of PFHxS than the other three areas (p = b0.001–0.01). The
pattern in the inland area (M), with high PFOS and PFHxS levels, can
be explained by the fact that these mink were caught in the vicinity ofthe Swedish Rescue Services former training camp which was closed
down as recently as 2009. Also, some mink were caught in a stream
which carries PFAA contaminated water from an international airport
(IVL, 2010). PFOS is used as a surfactant additive in aqueous ﬁlm
forming foam (AFFF) used to ﬁght petroleum ﬁres (Moody and
Jennifer, 2000; Paul et al., 2008). Although PFOS has been phased out
from ﬁre-ﬁghting foam, it is expected to be present in the environment
for a long time due to its persistence. The observed co-variation be-
tween PFHxS and PFOS suggests a common source and is likely a result
from PFHxS being an impurity in the PFOS formulation. Low concentra-
tions of PFHxS have been found to originate from AFFFs (Olsen et al.,
2003).
In contrast to the pattern in the M area, mink from the rural inland
area N area are mostly situated in the upper left part of the scores
plot, showing a general pattern of low concentrations of both PFOS
and PFHxS, which was conﬁrmed by comparisons of least squares
(Table 1). There were also a few mink from this area plotted in the
upper right corner of the scores plot, indicating relatively high concen-
trations of PFNA, PFUnDA and PFTrDA in these mink.
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but could also to some extent mirror the possible different diets
between the mink in these areas. Mink generally feeds on ﬁsh, birds,
rodents and frogs (Gerell, 1967). They are generalist predators and
tend to feed on available prey (Clode and Macdonald, 2009) and the
composition of the diet has been seen to differ between coastal and
riverine mink (Ben-David et al., 1997) as well as between mink with
habitats along rivers and mink with habitats near lakes (Gerell, 1967;
Jedrzejewska et al., 2001). In our experience, coastal mink in Sweden
has a higher frequency of ﬁsh in their stomach compared to inland
mink (unpublished data).
3.3. PFAA concentrations in relation to biological and environmental factors
Age did not inﬂuence any of the concentrations of PFAAs in themul-
tiple regressionmodels. The same was found in a study by Kannan et al.
(2002b), where there were no age-related differences in PFOS concen-
trations between juvenile and adult mink. This underlines the possible
difference in accumulation patterns in mink between PFAAs and
lipophilic compounds such as polychlorinated biphenyls (PCBs) and
polybrominated diphenyl ethers (PBDEs), as many PCB and PBDE con-
geners have been found to increase with age in wild male mink
(Persson et al., 2013). Inwild animals in general, there are contradictory
reports of associations between PFAAs and age. For instance, there were
indications of a lack of age related differences in PFOS concentrations in
a study of adult and subadult Alaskan polar bears (Kannan et al., 2001),
as well as in a study of ringed and gray seal in the Baltic sea (Kannan
et al., 2002a). Regarding PFAAs with longer chain lengths, a study of
Danish harbor seals found no age relationship between age and concen-
trations of PFAAs with carbon chain length 6–11 (Dietz et al., 2012). In
contrast, in a study on polar bears from East Greenland, age signiﬁcantly
inﬂuenced the summarized concentrations of perﬂuorinated acids
(Sonne et al., 2008). In an earlier study on polar bears from the same
area, concentrations of PFCAs with carbon chain length 10–14 signiﬁ-
cantly increased up to six years of age in a subset of six polar bears,
but there was no signiﬁcant difference in concentrations between all
adults and all subadults for any of the analyzed chemicals (Smithwick
et al., 2005).
In addition, there are reports of higher concentrations of somePFAAs
in pups compared to adults in harbor seals (Ahrens et al., 2009; Shaw
et al., 2009), Baikal seals (Ishibashi et al., 2008) and Northern Sea otters
(Hart et al., 2009), and it has been discussed that maternal transfer
could be an important source of exposure. Notably, in an analysis of a
subset of our data, concentrations of PFHxS and PFOSwere signiﬁcantly
lower in 3–5 month old mink (n = 6, K area) than in the older mink
(n = 20, K area, p b 0.01), but no signiﬁcant differences were found
for PFNA, PFDA or PFUnDA. This challenges the idea of a signiﬁcant
maternal transfer of PFAAs in mink. A recent study on polar bear
mother-cub pairs concluded that the maternal transfer of PFAAs was
substantial, but relatively low when compared to maternal transfer of
PCB (Bytingsvik et al., 2012).
Results indicated no effect of bodyweight or body condition on PFAA
concentrations in this study. Similar results have been found in sea
otters from California, USA (Kannan et al., 2006). As PFOS and PFOA
have been found to mainly bind to serum albumins (Han et al., 2003;
Jones et al., 2003), it is not surprising that lipid dynamics does not affect
the concentration of PFAAs.
The general linear model revealed a signiﬁcant effect of season for
PFDA and PFUnDA (p b 0.05 and p b 0.01 respectively). The concentra-
tionswere signiﬁcantly lower during autumn than spring for both PFDA
and PFUnDA (p b 0.01 and p b 0.05, respectively). Autumn concentra-
tions of PFDA and PFUnDA were also signiﬁcantly lower than the
concentrations during winter (p b 0.05 and p b 0.01, respectively).
These results could be explained by the fact that the mink may change
diet seasonally (Gerell, 1967; Jedrzejewska et al., 2001). Another possi-
ble contribution to the seasonal pattern could be that some mink mayshift the use of their habitat seasonally (Gerell, 1970). For instance, a
hunter in the G area reported that during winter mink often abandon
the small archipelago along the coast in favor for streams in the coastal
mainland (S-A, Ängwald, personal communication). There could also be
intrinsic factors affecting the elimination of PFDA and PFUnDA. Organic
anion transport proteins in the kidney have been shown to be impor-
tant for PFCA elimination, depending on sex, species and ﬂuorocarbon
chain length (Han et al., 2012). For example, the renal clearance of
PFOA is lower in male than in female rats due to an inhibitory effect of
testosterone (Kudo et al., 2002; Van den Heuvel et al., 1992). As the
testosterone level is very seasonal in the male mink (Pilbeam et al.,
1979) it could be speculated that this contributes to seasonal variation
in the concentrations of these chemicals. In other species, there are
only a limited number of studies that have investigated season as source
of variation. No seasonal differences for PFOS and PFOA were found in
sea otters from California, USA (Kannan et al., 2006), which is in line
with the ﬁndings in our study, and no seasonal differences were found
in the total sumof perﬂuoroalkyl compounds in plasma frombottlenose
dolphins (Houde et al., 2006a).
In summary, the high concentrations of PFOS found inmink from the
highly anthropogenic inland sampling area in this study are among the
highest ever reported in the literature. In addition, PFBS was found in
most mink samples, indicating that it is present in the environment at
levels that allow detection/quantitation in top predators. Mink seem
to readily accumulate both short and long chain PFAAs. Differences in
the pattern of PFAA contamination were seen between the coastal and
inlandmink, but also between the rural and highly anthropogenic sam-
pling sites.
The data suggest that age, body condition and body weight do not
inﬂuence the concentrations to any larger extent. However, sampling
season should be regarded as a possible source of variation in exposure
data. Taken together the results from this study indicate that the wild
mink is a species suitable for sensitive and cost efﬁcient environmental
monitoring of PFAA exposure.
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